Observational studies suggest that people with a high serum 25-hydroxyvitamin D (25(OH)D) concentration may have reduced risk of chronic diseases such as osteoporosis, multiple sclerosis, type 1 diabetes, cardiovascular disease, and some cancers. The AusD Study (A Quantitative Assessment of Solar UV Exposure for Vitamin D Synthesis in Australian Adults) was conducted to clarify the relationships between ultraviolet (UV) radiation exposure, dietary intake of vitamin D, and serum 25(OH)D concentration among Australian adults residing in Townsville (19.3°S), Brisbane (27.5°S), Canberra (35.3°S), and Hobart (42.8°S). Participants aged 18-75 years were recruited from the Australian Electoral Roll between 2009 and 2010. Measurements were made of height, weight, waist:hip ratio, skin, hair, and eye color, blood pressure, and grip strength. Participants completed a questionnaire on sun exposure and vitamin D intake, together with 10 days of personal UV dosimetry and an associated sun-exposure and physical-activity diary that was temporally linked to a blood test for measurement of 25(OH)D concentration. Ambient solar UV radiation was also monitored at all study sites. We collected comprehensive, high-quality data from 1,002 participants (459 males, 543 females) assessed simultaneously across a range of latitudes and through all seasons. Here we describe the scientific and methodological issues considered in designing the AusD Study. 
Sufficient vitamin D, as measured by serum 25-hydroxyvitamin D (25(OH)D) concentration, is essential for optimal bone growth and muscle function (1) . Vitamin D is also thought to inhibit the development of, and improve survival after, some cancers (2) (3) (4) and to decrease the risks of heart disease (5) and autoimmune disorders such as multiple sclerosis (6) and type 1 diabetes (7). The principal source (approximately 80%-95%) of vitamin D is endogenous synthesis following ultraviolet (UV) irradiation of cholesterol precursors in the skin (8) , with only a small contribution from dietary intake and supplements in the Australian setting (9) . There is a wide range in human serum 25(OH)D concentrations, with low concentrations commonly being observed in many locations throughout the world (10, 11) , including places where fair-skinned populations live under high levels of UV radiation for much of the year, such as in temperate and subtropical countries like Australia (12, 13) . Factors influencing serum 25(OH)D concentration include ambient UV radiation (itself affected by latitude, season, time of day, and cloud cover) (12, (14) (15) (16) , sun-related behavior (17) (including cultural practices which involve covering most of the skin) (18, 19) , genetic constitution (20, 21) , including skin color (22) (23) (24) (25) (26) , sex (27) , age (27, 28) , weight and height (26, 27, 29, 30) , socioeconomic status (31) , and dietary intake and use of supplements (9) . To our knowledge, however, no previous studies have examined all of these factors together with detailed measurements of personal UV radiation exposure.
In this paper, we describe the scientific and methodological issues considered in designing the AusD Study (A Quantitative Assessment of Solar UV Exposure for Vitamin D Synthesis in Australian Adults), which aimed to measure and model the relationship between personal UV radiation exposure (adjusted for skin pigmentation and use of sun protection and clothing) and serum 25(OH)D concentration in free-living Australian adults, across 4 seasons and a broad range of latitudes (19°S to 43°S). In addition, the study aimed to investigate other factors (age, sex, weight, height, physical activity) that may modify the relationships between solar UV radiation exposure, serum 25(OH)D concentration, and dietary vitamin D intake.
MATERIALS AND METHODS
The following elements were considered when designing this year-long, multicenter study.
Study centers
The 4 study sites chosen (Townsville, Brisbane, Canberra, and Hobart) include tropical, subtropical, and temperate zones in eastern Australia. They extend from latitude 19.3°S to latitude 42.8°S, are separated from one another by approximately 8°of latitude, and are within 7°of longitude of each other ( Table 1 ). The latitude range provided for wide variation in ambient UV radiation levels and permitted assessment of the effects of local climatic factors and sun exposure patterns (including outdoor activity, clothing, and other sunprotective behavior) on 25(OH)D concentration in a population that is relatively culturally, socioeconomically, and genetically homogeneous.
Cross-seasonal recruitment
Other than time of day and latitude, season is the most important environmental determinant of ambient UV radiation exposure. Seasonal variation in ambient UV radiation exposure is not constant across different locations: For example, in tropical Townsville, ambient UV levels are 3-4 times higher in summer than in winter, whereas in temperate Hobart, there is an 8-to 10-fold difference between summer and winter levels of ambient UV radiation (12, 15, 32, 33) . There are also seasonal changes in sun-exposure behavior, which may vary by latitude and amplify the effect of changes in ambient UV radiation. AusD was designed to capture such changes by employing rolling recruitment at the 4 study sites over 12 consecutive months.
Sample size
We estimated that a sample size of 250 participants per site would give a >80% chance of detecting a correlation coefficient of 0.25 for correlation between personal UV radiation exposure and 25(OH)D concentration with P < 0.05 in each of the 4 locations.
Study sample
AusD aimed to recruit 1,000 adult participants, equally distributed by sex and age (18-24 years and 5-year age bands up to age 75) and study site (n = 250 per site, resident within 20 km of each site's central business district), via population-based sampling from the Australian Electoral Roll. At the time of the 2007 federal election, an estimated 92.3% of eligible Australians (those aged ≥18 years) were registered on the Electoral Roll.
Exclusion criteria for the study were insufficient command of English (as determined at initial telephone contact), an impairment or illness that prevented attendance at interviews, a bleeding disorder, or positivity for hepatitis B virus, hepatitis C virus, or human immunodeficiency virus.
Data collection
The ethics committees of the participating institutions (Queensland University of Technology, James Cook University, Australian National University, and the University of Tasmania) approved the project before data collection began. Potential participants were randomly selected from the Electoral Roll and allocated an identification number linked to their study site. They were then mailed a package containing a recruitment letter, study brochure, response slip, and reply-paid envelope and given 5 ways to opt into or out of the study. Seven days later, nonresponders with a listed telephone number were contacted (6 attempts were made at different times of the day or week). A second letter was sent to those without a listed phone number. In September 2010, to increase recruitment of certain location-, age-, and sex-specific groups, we made a bulk mailout of recruitment packages to a large group of potential participants and dispensed with telephone follow-up.
Once enrolled, participants completed a mailed general health and information questionnaire and attended 2 data collection interviews conducted by a research officer at their local study site (Figure 1 ). At the first interview, after signed, informed consent was obtained, participants completed a sun-related behavior and diet questionnaire (described in detail below), were assessed for skin color, skin reflectance, a The UV Index is a measure of solar UV radiation at the earth's surface, weighted to reflect the potential for skin damage (57) .
and blood pressure, and received instructions for the following 10-day period of data collection. During the 10 days after their first interview and for the entire period between rising and sleeping, participants wore a pedometer clipped securely onto clothing on the right side of the waist, completed a sun-exposure and physical-activity diary, and wore a UV-detecting dosimeter on their wrist. At a second interview 11 days later, participants returned their UV dosimeters, diaries, and pedometer records, completed a questionnaire on their vitamin D knowledge, underwent additional phenotypic (hair and eye color) and anthropometric (height, weight, waist:hip ratio, handgrip strength) assessments, and provided a venous blood sample for analysis of serum 25(OH)D concentration and storage of buffy coat.
Questionnaires. Three questionnaires collected data on a broad range of possible determinants of 25(OH)D concentration and possible modifiers of the relationship between ambient UV radiation and serum 25(OH)D concentration. Participants completed the first questionnaire (General Health and Information) at home before the first interview to facilitate accurate reporting of medications and supplements, including use of hormone replacement therapy. This questionnaire also recorded information on demographic characteristics (date of birth, sex, education, employment status, type of employment, job description, ethnicity), smoking and alcohol consumption, and general health (diagnosis of cancer, heart disease risk factors, degenerative bone disorders).
The second questionnaire (Sun, Skin and Diet) was interviewer-administered and recorded sun exposure (time spent in the sun during each hourly interval for each day during the previous month and typical exposure over the previous 3 months), using previously validated questions (34); sun protection practices (amount of skin exposed, type of clothing worn, use of sunscreen) (13, 35) ; dietary intakes of calcium and vitamin D, using a validated questionnaire (36, 37) ; and physical activity in the last month, using the International Physical Activity Questionnaire (38) . A final questionnaire (Vitamin D Knowledge, Attitudes and Behaviour) was completed at the second interview and recorded attitudes on sun exposure and tanning, knowledge about vitamin D, and general health and well-being (using the 12-item General Health Questionnaire (39)).
UV radiation dosimeters. Polysulfone film was used as a UV dosimeter to measure daily personal solar UV exposure in the wavelength range (295-320 nm) responsible for vitamin D synthesis (40) . UV dosimeters were standardized with a calibration traceable to the world UV standard, and variability between batches was less than 10%. For this study, each premeasured and precoded UV dosimeter was attached to a hospital wristband and stored in an opaque packet until used. Participants wore the UV dosimeter on their left wrist from the time they rose in the morning until they retired at night, taking care to ensure that the dosimeter was not obstructed by clothing or jewelry. Participants were asked to continue their normal daily routine during the data collection period. UV dosimeters were replaced daily to avoid possible saturation of their capacity to register UV exposure.
Measurement of ambient UV radiation and other climatic variables. Ambient UV radiation was measured by means of outdoor UV detectors (YESDAS UVB pyranometers; Yankee Environmental Systems Inc., Turner Falls, Massachusetts) placed on the roof of a centrally located building at each study site. All outdoor UV detectors were calibrated prior to field deployment to the 1,000 W National Institute of Standards and Technology UV standard, which is traceable to the world UV standard (41) . Measures of other weather variables for each study site were obtained from the Australian Bureau of Meteorology. Ambient UV radiation measurements for each site enabled assessment of the UV climate prior to the blood draw for 25(OH)D testing.
Sun-exposure and physical-activity diary. In conjunction with wearing UV dosimeters, participants recorded their daily sun exposure and physical activity in a detailed diary for 10 days before the blood draw. Each day, participants ticked the box which best represented the amount of time (0, <15, 15-<30, 30-<45, or 45-60 minutes) they had spent in the sun during each 1-hour interval between 5.00 AM and 7:00 PM. They also recorded their clothing cover (based on a clothing guide provided with the diary) and use of sunscreen (frequency and application site) using established methodology (35) , in addition to recording their indoor and outdoor physical activity (no activity, mild, moderate, or vigorous) and the number of steps their pedometer registered each day.
Phenotypic and physical measures. A research officer recorded the eye color of each participant by reference to a standardized chart (42) . Participants were asked to recall their natural hair color at age 18 years and to self-report their skin color by reference to a Fitzpatrick Skin Type chart (43) . Use of tanning products was also recorded. Skin color was measured spectrophotometrically using a Minolta CM2500D spectrophotometer (250-750 nm; Konica Minolta Optics Inc., Osaka, Japan) at a sun-protected body site (the 896 Brodie et al.
inner upper arm, which estimates natural skin color) and 2 sun-exposed sites (dorsum of the hand and cheek), to estimate the degree of tanning. Skin reflectance at the upper inner arm has been shown to be a good estimate of histologically observed melanin density (44) .
Physical measurements recorded included: height (shoeless), measured by stadiometer; weight (shoeless), measured using Charder MS-3400 digital scales (Charder Electronic Company Ltd., Taichung City, Taiwan); waist:hip ratio, after averaging duplicate measures of waist circumference (midpoint of the inferior margin of the last rib and the iliac crest) and hip circumference (greatest posterior protuberance of the buttocks) using a Figure Finder Laboratory analyses. At the end of the second data collection interview (after 10 days of dosimeters and sun diary completion), a 20-mL venous blood sample was collected from each participant. The serum and buffy coat were processed using standard procedures, before storage locally in a -80°C freezer.
Standardization of data collection across sites. A manual of policies and procedures was developed to describe the overall framework of the study, including project flowcharts and timelines. A data collection manual described specific standardized operating procedures for data collection within each interview. Local research officers attended 2 training workshops before commencing data collection to ensure use of standardized procedures. Periodic site visits by the coordinator ensured that consistency in data collection was maintained.
Participant tracking software. All management of participants was coordinated using purpose-built, passwordprotected software-ParticiTrack-developed by the study team. ParticiTrack was used to randomly select potential participants from the Electoral Roll, allocate each selected individual a unique identification number, generate e-mail reminders to alert research officers to tasks required for each new participant, log all contacts, activities, and outcomes with potential participants, review daily tasks and interview schedules, and monitor weekly progress. The ability of the whole team to simultaneously view selection and recruitment data, summarized by region, age, and sex, was a key feature of ParticiTrack.
Automated data entry. All study questionnaires and data collection sheets were drafted and processed using a highthroughput and high-accuracy forms content capture system (Teleform; Cardiff Software, Vista, California), which enabled data entry and verification of paper-based forms as soon as they were received. For additional verification, a random 10% of the data were rescanned at the end of the study.
RESULTS
Participants were recruited in a 2-phase process: phase 1 (May 2009-August 2010) and phase 2 (September 2010-November 2010). In phase 1, a substantial attempt was made to recruit all participants randomly drawn from the Electoral Roll, with recruitment letters sent in bulk every 3 weeks. A total of 6,522 letters were sent in phase 1; 296 letters were returned undelivered, 95 potential participants were found to be ineligible (most had moved out of the defined study area), 979 agreed to participate (of whom 28 withdrew before completing the study), 1,575 people were contacted but refused, and 3,577 were not directly contacted. Thus, the worst case participation rate-defined as (number of participants)/ (number of letters mailed -[letters returned undelivered + people found to be ineligible])-was 15.5%. This rate was much lower for those less than 35 years of age.
Because a participation rate of 15.5% is too low to be at all sure that the sample is representative of the source population, it was decided that it was more important to reach the total target number of participants by the end of December 2010 and attain an even distribution in terms of age and sex. Therefore, phase 2 consisted of a single mass mailout to 5,191 people randomly drawn from the Electoral Roll, with younger age groups oversampled. People could contact us if they were interested in participating, provided that a response was received by November 2010. Willing participants who responded after this time or who were in age groups in which the target had already been reached (n = 189) did not join the study. By the end of December 2010, 7,700 (65.7%) of the 11,713 people approached to participate had not responded to the letter or had their letter returned undelivered, 603 letters were undelivered, 125 potential participants were found to be ineligible, and 2,016 refused to participate. Of the 1,080 people who commenced the study, 78 withdrew from participation during data collection (data from this group were not included in the final analysis), leaving 1,002 (459 males and 543 females) who completed the study ( participation rate = 9.1%) (Figure 2 ). Table 2 shows a site-by-site comparison of the number of people selected to participate, the number presumed eligible to participate, and the number who participated. In phase 1, selection of new potential participants occurred at 2-to 3-week intervals, with the number of people selected adjusted according to the number of successful contacts made previously for that site. Hence, the total number selected for each site depended on the participation rate for that site. This approach was not followed in phase 2. The participation rate across both phases of recruitment among persons who were presumed to be eligible ranged from 6.6% in Brisbane, the largest and most populous site, to 14.7% in Hobart, the most southerly site.
Participants were more likely than nonparticipants to be female (54.2% vs. 47.2% (P < 0.001); Table 3 ) and older than age 39 years (P < 0.001). These expected differences underlay our targeted overselection of young people ( particularly males) with the aim of maintaining a uniform distribution of participants by age and sex.
Most participants (80.4%) had been born in Australia (Table 4) . Because of the low number of overseas-born participants, country of birth was defined by only 2 categories: "Australia" and "other countries." Canberra participants were significantly more likely than participants at other sites to have been born overseas (P < 0.001). Parental ethnic origin was reported as "Australian" by approximately 50% of participants, with most of the remainder (40%-50%) reporting European ethnicity and only a small number reporting nonAustralian, non-European ethnic heritage. Canberra participants were significantly more likely than participants at other sites to be of Asian ethnicity (P < 0.001). Most participants were full-time workers who worked primarily indoors in a professional or managerial capacity. Canberra participants were significantly more likely (P < 0.001) to hold a university degree than were Townsville participants and were also significantly more likely (P < 0.001) than Townsville and Hobart participants to work mainly indoors. Most participants considered themselves to have fair-to-medium skin color, brown hair, and blue or gray eyes. Townsville participants were significantly more likely (P < 0.001) than Canberra participants to rate themselves as having fair skin and were significantly less likely (P < 0.001) than Hobart participants to rate themselves as blue-eyed. There was no significant difference in body mass index between participants at the 4 sites.
A comparison of the AusD study cohort with data from the population-based 2007-2008 National Health Survey (45) showed that AusD participants were more likely than a People randomly selected from the Australian Electoral Roll and sent a letter of invitation. b People sent a letter of invitation and presumed eligible to participate (excludes persons for whom the letter was undelivered and persons who were contacted but were found to be ineligible to participate).
c Calculated as (number of participants)/(number of letters mailed -[letters returned undelivered + people found to be ineligible]) × 100. National Health Survey respondents to be female (54.2% vs. 50.2%), to be aged 65 years or more (19.5% vs. 9.9%), to have been born in Australia (80.4% vs. 70.5%), and to have never smoked (60.5% vs. 50.8%) ( Table 5) . Perceived health status and body mass index categories were similar in the 2 groups.
DISCUSSION
AusD is a comprehensive study of the determinants of factors that influence 25(OH)D concentration in a large, heterogeneous population-based sample of adult participants residing in the Southern Hemisphere. There have been other recent studies investigating determinants of 25(OH)D concentration; however, these have generally focused on specific subpopulations restricted by age, sex, ethnicity, or health characteristics (46) (47) (48) (49) (50) . Two recent studies have examined the effect of season (51, 52) , and another assessed vitamin D status in pediatric participants (aged 1-11 years) simultaneously across multiple sites (53) ; however, these studies had limited measurement of sun exposure. Tolppanen et al. (52) measured risk factors for vitamin D deficiency in a cohort of children living in the United Kingdom, and while time spent outdoors and use of sun-protective behavior was measured in this sample, it was estimated retrospectively from parental data collected more than a year prior to the blood draw for analysis of 25(OH)D concentration.
Key strengths of AusD include a simultaneous assessment of the population over a range of latitudes (including tropical, subtropical, and temperate zones), continuous recruitment over more than 12 months to enable assessment of seasonal variation of UV radiation exposure within the population, assessment of personal UV exposure in addition to ambient UV radiation and climate, use of the Electoral Roll to achieve greater representativeness of the population than would be likely with other volunteer samples, and collection of detailed information about sun exposure and physical activity, as well as knowledge and beliefs about vitamin D.
Several innovations assisted with data collection. The use of custom-designed software (ParticiTrack) helped in monitoring 900 Brodie et al.
and tailoring recruitment throughout the study. The use of personal UV dosimetry with an associated sun-exposure and physical-activity diary (incorporating time and duration outdoors, proportion of body covered by clothing, frequency and site of sunscreen use, frequency and level of physical activity, and pedometer records) was a novel measure developed for this study. In addition, to our knowledge, only 1 other study has explored knowledge and beliefs about vitamin D at the same time as measuring 25(OH)D concentration in the population (16) . There were a number of biases in our study sample relative to the wider Australian population. There was a bias towards older, Australian-born females. Although capacity for vitamin D production may be reduced in older people under some circumstances (28) , there are also data that this is not the case (54) . Australian-born people and never smokers were also overrepresented in our sample; and our cohort was probably biased towards indoor workers, although we have no comparative data with which to confirm this. However, the key objective of the study was to identify and measure determinants of 25(OH)D concentration rather than to determine prevalence, and we do not expect these biases to have affected the association between sun exposure and serum 25(OH)D, taking into account characteristics of sun exposure, sun protection, and sun sensitivity (55) . We argue that the same applies to possible interactions of sex, age, overweight and obesity, and physical activity with sun exposure in influencing serum 25(OH)D concentration. The robustness of associations among variables within samples to a potentially high degree of selection due to nonparticipation has been recently demonstrated empirically in Australian data (56) .
There are areas, such as the contribution of supplements or dietary sources of vitamin D to serum 25(OH)D levels, where generalization of a prevalence result in our data to the general population would be of interest. Overrepresentation of older women in the AusD sample, for example, could affect estimates of these contributions if women, with their probably greater knowledge of vitamin D, have greater use of vitamin D supplements or fortified foods. However, the rich data we have collected should allow us, with appropriate weighting for observable differences between our study sample and the general population, to produce reasonable estimates of these contributions.
The quality of the study data was very high, with all individual data sets over 95% complete. One participant could not provide a sufficient blood sample and was excluded from analysis. The prevalence of missing data from questionnaires and physical measurements ranged from 0% to 3.6%. Approximately 10-15 participants had incomplete data on any given day of the sun diary; however, for most participants this was a unique event, and their remaining data were available. The UV dosimeters provided the most difficulty for participants, with some dosimeter data missing for 169 persons out of the total sample of 1,002. There were no dosimeter data for 8 participants, while the remaining 161 participants lost 1, or occasionally 2, of their 10 dosimeters after it dislodged from the wristband. This represented a small overall loss, equating to 341 dosimeter days (3.4%) lost from a possible total of 10,020 dosimeter days. Despite this small loss, some participants expressed frustration at having to continually reaffix dosimeters that became dislodged. Future studies using UV dosimeters would therefore benefit from streamlining their design by minimizing sharp edges and improving the adherence of dosimeters to the wristband.
In our phase 1 approach to recruitment, multiple efforts were made to contact and recruit every person selected from the Electoral Roll. While this approach is preferable, our experience showed that it might not be practical for projects with necessarily limited funding periods. We experienced difficulty in recruiting people aged less than 35 years from the Electoral Roll, particularly those who resided in a large city. In future studies, social networking sites may be a more efficient means of recruiting young urban participants.
AusD has collected a comprehensive, high-quality data set about a multitude of factors associated with the production of vitamin D. An extensive analysis of these data will provide evidence to guide the development of appropriate public health messages regarding the amount of sun exposure required for optimal health. These findings are likely to influence Australian and international public health policies related to sun exposure. and installing UV pyranometers at the study sites; Jenny Gibney and Marita Laurie-Rhodes of Queensland Health for phlebotomy assistance; Dr. Petra Buettner for assistance with data cleaning; and Drs. Jiandong Sun and Yuming Guo for assistance with data analysis.
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